Friction welding of high nitrogen austenitic stainless steels was carried out using a pressure servo-control system brake type device. The welding parameters were 2 400 rpm for rotational rate, 70 MPa for 4, 7, 10 and 15 s for friction pressure, and 150 MPa for 6 s for upset pressure. As the friction time increased, the fully plastically deformed zone (Region I) in the vicinity of the bond-line increased. In contrast, an increase in friction time decreased the region (Region II) where the grains were partly deformed and grown. The TEM examination suggested that the intergranular phases precipitated in the vicinity of the bond-line are Cr 2 N (Hexagonal, aϭ0.48113 nm, cϭ0.44841 nm) and CrN (Cubic, aϭ0.4140 nm). Tensile test results indicated that high nitrogen stainless steel joints are considerably higher in the tensile strength than the commercial stainless steel SUS316L or SUS304 joints. However, for all the welding conditions, the joint strength of high nitrogen HNS-1 or HNS-2 joints was slightly lower than that of the base material. Furthermore, the detailed fractographic observation confirmed that the rupture occurred near the bonding interface. The inferior tensile strength of the nitrogen-containing austenitic stainless steel joint could be attributed to the Cr-nitrides precipitated near the bonding interface.
Introduction
Structural materials should be provided with the properties of nonmagnetism, high resistance to corrosion and wear, high strength and ductility as demanded by the electronics, the precision machinery and the cryogenic industries. Recently, as advanced materials, high nitrogen stainless steels (HNS) have been introduced. Nitrogen alloying gives several beneficial effects in austenitic stainless steels [1] [2] [3] [4] [5] [6] [7] [8] : 1) nitrogen is a more effective solid-solution strengthening element than carbon and also enhances grain refining; 2) nitrogen is a strong austenite stabilizer, thereby reducing the amount of nickel required for austenite stabilization and lowering the tendency to form ferrite or deformation-induced martensite; 3) nitrogen has no significant effect on general corrosion in acids but markedly improves resistance to intergranular, pitting and crevice corrosion, and stress corrosion cracking. Recent advances in processing technologies have enabled the commercial production of HNS containing nitrogen over 1 wt%.
On the other hand, a wider expansion in the use of HNS relys on their joining characteristics, i.e., mechanical properties, and corrosion resistance. When HNS is welded with fusion welding processes such as MIG, TIG, electron beam, and laser welding, a nitrogen loss unavoidably occurs resulting in the reduction of corrosion resistance as well as mechanical properties. [9] [10] [11] [12] [13] [14] When the amount of nitrogen addition increases, which is a worldwide trend in the materials development, the driving force for the nitrogen escape increases, leading to a larger risk of losing the desired properties. Hence, there is a need to develop highly efficient joining methods which enables joints to achieve higher strength and quality more consistently than with the fusion welding process.
Friction welding is a solid-state joining process that produces coalescence by the heat generated between two surfaces by mechanically induced rubbing motion. Friction welding has a number of advantages over other welding processes. Firstly, special caution of surface cleanliness is not necessary, because friction welding proceeds to squeeze the softened interfacial zone out, expelling trapped oxides, voids, and contamination into the flash while pushing clean and pure surfaces into close contact. Secondly, filler metal, flux, and shielding gas are not required. Thirdly, friction welding does not melt at the bonding interface, thereby defects associated with melting-solidification phenomena, i.e., nitrogen loss, weld porosity and weld cracking are not caused. Therefore, friction welding offers a unique opportunity to join HNS without weld defects, thus producing joints with strengths matching to that of the base metal material. Friction welding has been widely applied to joining, i.e., metal to metal or metal to ceramics. [15] [16] [17] [18] However, lit-tle attention has been paid to the application of friction welding for HNS. The present paper shows the results of a comprehensive study of the metallurgical and mechanical properties of HNS friction welds. This study examined the change in grain size and Cr-nitrides precipitation during friction welding of HNS. The effect of joining parameters on tensile strength properties was also investigated, and the correlation between the microstructure and joint strength was discussed.
Materials and Experimental Procedures
The chemical composition of nitrogen stainless steels (HNS-1, HNS-2) and commercial austenitic stainless steels (SUS304, SUS316) used in the present study is shown in Table 1 . The base materials HNS-1 and HNS-2 were supplied as hot extruded-bar which was heat treated at 1 323 K for 1 h. Test samples with 19 mm diameter and 50 mm length were prepared for friction welding experiments with the long dimension parallel to the hot extrusion direction in the as-supplied materials. Prior to friction welding, the contacting surfaces were polished using emery papers and cleaned using acetone.
Friction welding was carried out using a pressure servocontrol system brake type device. Fig. 1 schematically shows the parameters of friction welding. Among the friction welding parameters, the friction time (t 1 ) was particularly considered in this study. The welding parameters were 2 400 rpm for rotational rate (N), 70MPa for 4, 7, 10 and 15 s for friction pressure (P 1 ), and 150 MPa for 6 s for upset pressure (P 2 ).
The microstructural features of friction welds were examined by an optical microscope, a back scattered electron (BSE) detector in EPMA and a transmission electron microscope (TEM). Samples for optical metallography were prepared by sectioning the welded joint at right angles to the bond-line. The specimens were first mechanically polished with emery papers and then etched with an aqueous 10% oxalic acid solution. Metallurgical phases present at the welded joints were identified using TEM of 200 kV with an energy-dispersive X-ray spectrometer (EDS) system. TEM samples were prepared as follows. Test specimens were carefully extracted by sectioning perpendicularly to the weld interface and machining to the thickness of 0.1-0.2 mm. The TEM foils were then electropolished with a jet polisher using a solution of 20% perchloric acid and 80% alcohol at 273 K, and an electrolytic voltage of 15 V. The area of Cr-nitrides precipitated near the bonding interface was evaluated by the BSE image, i.e., by examining 20 micrographs taken at 1 000 folds magnification on a range of test specimens.
The mechanical characteristics of friction welds were evaluated from tensile properties (at room temperature) measured by using a tensile test machine (REH100T type). The base materials and joints were machined to a JIS Z 2241 No.4 specimen with the 60 mm length and 14 mm diameter in the parallel part. The bonding interface was set at the center of the parallel part. During tensile testing at room temperature, the crosshead speed was 0.017 mm/s.
Results and Discussion

Joint Microstructure
Among the behavior characteristics of friction welding, the burn-off has been ranked as an important factor in evaluation of joint performance. 19) The measured length of burn-off in joints was plotted against the friction time as shown in Fig. 2 . In this study, the burn-off is defined as the difference in the specimen length before and after friction welding. The burn-off tended to increase with increasing friction time in all the base materials considered. In addition, the burn-off of higher nitrogen HNS-2 joint was smaller than that of lower nitrogen HNS-1. This suggests that the plastic deformation in the friction welded joints occurs increasingly at longer friction time and in lower nitrogen material. Figure 3 shows SEM micrographs of the specimen HNS-1 joint produced with the friction time of 15 s. Welding defects, such as porosities or cracks were not observed at all Table 1 . Chemical compositions of base materials (mass%). the friction welding parameters considered. For convenience, the joint microstructure is classified into three distinct regions. Region I: the fully plastically deformed region on either side of the weld interface. This region contains small recrystallized-grains (grain size; 20 mm).
Region II: the region where the grains are partly deformed by the upset pressure that completes the friction welding process, and grain size (40 mm) is larger than Region I.
Region III: the undeformed base material microstructure (grain size; 10 mm).
The average width of the Regions I and II was measured for friction welds of HNS-1 and HNS-2, and a correlation between the width and the friction time is shown in Fig. 4 . As the friction time increased, the Region I adjacent to bonding interface also increased. In contrast, as the friction time increased, the width of Region II tended to decrease. Region I was wider and Region II was narrower in the higher nitrogen HNS-2 joint than the HNS-1 joint.
In general, the Zener-Holloman (Z h ) parameter provides a basis for evaluating the evolution of the subgrain structure during hot working or friction welding. The relationship between subgrain diameter (d) and the Zener-Holloman (Z h ) parameter can be expressed as:
Where a and b are experimental constants, m is an exponent, and Z h is defined by Where e -is strain rate, Q is activation energy for deformation of alloys, T is absolute temperature, and R is gas constant. That is, an increase in temperature or decrease in strain rate will result in formation of larger subgrains during recrystallization process. In contrast, at lower temperatures or higher strain rates new subgrains are more nucleated resulting in finer subgrain structure in the deformed material. The foregoing result showed that plastic deformation in joints tends to increase with increasing friction time and in lower nitrogen material. Since increasing plastic defor- mation does not influence peak temperature at the bonding interface, 20, 21) the widening of Region I was considered to be basically due to the increase in plastic deformation during friction welding.
Figure 5(a) shows the grain boundary precipitates observed in the vicinity of Region I in the HNS-1 joint using the back scattered electron (BSE) detector in EPMA. However, they were not observed for the Region II, as shown in Fig. 5(b) . The TEM bright field images and electron diffraction patterns such as precipitates are shown in Fig. 6 . The electron diffraction analysis confirmed that the large-shaped phases (Fig. 6(a) ) are Cr 2 N (Hexagonal, aϭ0.48113 nm, cϭ0.44841 nm), and the small-shaped phases (Fig. 6(c) ) are CrN (Cubic, aϭ0.4140 nm). The total area of intergranular Cr-nitrides in Region I was measured from BSE detector images, and a correlation between the area and the friction time is shown in Fig. 7 . The amount of Cr-nitrides precipitation tends to increase with increasing friction time in all the HNS considered. Less Cr-nitride precipitates were observed in the higher nitrogen HNS-2 joint than in the lower nitrogen HNS-1 joint. As mentioned above, plastic deformation in joints tends to increase with increasing friction time. This leads to the formation of intergranular Cr-nitrides (Region I) adjacent to the bonding interface. It is noted that more grain boundary Cr-nitrides precipitated in lower nitrogen HNS-1 than in higher nitrogen HNS-2. It is also considered to be due to the increase in plastic deformation with the decreasing nitrogen content.
Mechanical Property
The relationship between the tensile strength and friction time of friction joints is shown in Fig. 8 . The tensile strength of base materials is also shown in Fig. 8 , for comparison. This result shows that, the joint strength decreased with increasing friction time, for all the specimens considered. It is also noted that the HNS joints have considerably higher tensile strengths than the commercial stainless steel SUS316L or SUS304 joint. The tensile strength of the commercial stainless steel (SUS316L, SUS30) joint was equal to or higher than that of the base material. However, for all welding conditions, high nitrogen HNS-1 or HNS-2 joints showed slightly lower tensile strengths than the base material, and the joints rupture near the bonding interface. Two (a) Region I in Fig. 3 and (b) Region II in Fig. 3 . types of ruptures were recognized, i.e., Type A (Region I) and Type B (Region I and II), as illustrated in Fig. 9 . The rupture mode of the joint tends to transfer from Type B to Type A at longer friction time and in lower nitrogen material, as shown in Fig. 10 . In order to clarify the influences of friction time and nitrogen content on the tensile properties of HNS joints, microhardnesses were measured across the welded joint. Figure 11 shows the distribution of microhardness in HNS-1 and HNS-2 joints produced with friction time of 7 s. The microhardness decreased in the order of Region III, Region II and Region I. Microhardness in Region I in the HNS-1 joint were about 100 Hv lower than the base material, while those of the HNS-2 joint were higher than the HNS-1 joint in all the regions. As mentioned in the previous section, Region I widened at longer friction time and in lower nitrogen material. That is, the inferior tensile property of nitrogen-bearing stainless steel joints can be attributed to an increase in the width of Region I with increasing friction time and with decreasing nitrogen content.
On the other hand, TEM examination of the HNS joints revealed the existence of Cr-nitrides precipitated at the grain boundaries in Region I. Figure 12 shows a relationship between tensile strength and area of intergranular Crnitrides precipitates for the HNS-1 and HNS-2 joints. It could be seen that the tensile properties of the HNS joints was significantly affected by intergranular Cr-nitride pre- cipitates. That is, the tensile strength of HNS joints decreases, and thus the rupture occurred in the vicinity of the bond-line because of Cr-nitrides precipitated at the recrystallized boundary of Region I. The transition from Type B to Type A at longer friction time and in lower nitrogen material is considered to be attributed to an increase in Cr-nitride precipitation with increasing width of Region I. The detrimental effect of Cr-nitride on the tensile property observed in this study was in accordance with the earlier investigations for the same type of austenitic stainless steels. [22] [23] [24] [25] [26] As mentioned above, nitrogen is recognized to be an interstitial solid-solution strengthening element. Therefore, an increase in intergranular Cr-nitrides during friction welding reduces solution hardening nitrogen in the matrix and lower tensile strength results.
Conclusion
The present work was conducted to investigate the metallurgical and mechanical properties of HNS (High Nitrogen Stainless Steel) friction welds. The metallurgical changes in grain size and Cr-nitride precipitation during friction welding of HNS were examined in detail. The effect of joining process parameters on tensile strength properties was also investigated, and the correlation between the microstructure and the joint strength was discussed. The following is the important results in this study.
(1) The burn-off tended to increase with increasing friction time in all the base materials tested. In addition, the burn-off was lower for the higher nitrogen HNS-2 joint than the lower nitrogen HNS-1 joint.
(2) The microstructure of nitrogen-bearing stainless steel joints was classified into three distinct regions, namely, the recrystallization zone (Region I) adjacent to the bonding interface, the region (Region II) where the grains were partly deformed and grown, and the undeformed base material microstructure (Region III). As the friction time increased, the width of Region I also increased, but that of Region II decreased.
(3) The TEM examination revealed that the intergranular phases precipitated in the bond-line vicinity are Cr 2 N (Hexagonal, aϭ0.48113 nm, cϭ0.44841 nm) and CrN (Cubic, aϭ0.4140 nm).
(4) The tensile tests showed that the lower tensile strength of the joints resulted at longer friction time and in lower nitrogen materials. In addition, it can also be noted that the high nitrogen stainless steel has considerably higher joint strength than the commercial stainless steel SUS316L or SUS304 joint.
(5) The poor tensile properties of joints with increasing friction time and low nitrogen material could be due to an increase in intergranular Cr-nitride precipitation.
